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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of PCF 2016. 
Keywords: High Pressure Turbine Blade; Creep; Finite Element Method; 3D Model; Simulation. 
 
 
 
* Corresponding author. Tel.: +351 218419991. 
E-mail address: amd@tecnico.ulisboa.pt 
Procedia Struc ural Integrity 2 (2016) 2315–2322
Copyright © 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license  
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer review under responsibility of the Scientific Committee of ECF21.
10.1016/j.prostr.2016.06.290
10.1016/j.prostr.2016.06.290
 
Available online at www.sciencedirect.com 
ScienceDirect 
Structural Integrity Procedia 00 (2016) 000–000  
www.elsevier.com/locate/procedia 
 
2452-3216 © 2016 The Authors. Published by Elsevier B.V. 
Peer-review und r responsibil ty of the Scientific Committee of ECF21.  
21st European Conference on Fracture, ECF21, 20-24 June 2016, Catania, Italy 
On monito ing mechanical characteristics                            
of rolled electrolytic copper  
Donka Angelova, Svetla Yankova, Rozina Yordanova, Gergana Atanasova 
University of Chemical Technology and Metallurgy, 8 St. Kliment Ohridski, Blvd., 1756 Sofia, Bulgaria 
 
Abstract 
Rolling technology for producing high-electrical-conductivity-copper strips and their quality are under investigation. The 
technology is designed for and used in the Bulgarian Metallurgical Plant SOFIA MED SA, Sofia. The copper strips are produced 
in three different tempers – soft, half hard and hard – under different rolling and heat-treatment conditions. The copper strips 
from different tempers are subjected to specialized testing and their mechanical and high-electrical-conductivity characteristics 
analyzed. On the basis of mechanical rolled-strip parameters – yield strengths, Re, ultimate tensile strengths, Rm, Vickers 
hardness, HV, and longation after fracture, A, – some Stress-hardn ss and Stress-hardnes -elongation spaces have been plotted. 
Th e Spaces can be us d as an instrument for general evaluation of the appli d rolling technology and for prediction of co per-
strip mechanical b haviour under given exploitatio  conditions.  
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Copper is one of the non-ferrous metals which shows a combination of high electrical conductivity, necessary strength and 
elasticity, high creep and corrosion fatigue resistance; the high-electrical-conductivity copper has exceptional plasticity. All these 
properties make copper suitable for many applications, mostly for electrical needs.  When materials have to be produced under 
special requirements, their properties are influenced by many factors which have to be taken into consideration; in this case the 
rolled copper properties depend on chemical composition, casting conditions, regimes of hot and cold deformation, and on heat 
treatment. In the present work some research is done on high-electrical-conductivity copper strips produced in the Bulgarian 
Metallurgical Plant SOFIA MED SA, Sofia in three different tempers– soft, half hard and hard – which show different 
microstructural characteristics, mechanical properties and electrical conductivity. Copper in soft temper is used mainly for 
transformer production, and in half hard and hard temper – in electrical applications, automotive industry, household appliances.  
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2. Technological regimes and final production testing   
Pure copper is used mostly for wires, cables, electrical switches, etc; electrolytic tough pitch (ETP) copper is 
perfect conductor. Copper and some of its alloys, like brass and bronze, are used in automotive radiator production, 
heat changers, heating systems, solar collectors and for many different applications which require heat exchange 
through a metal part, Yankova, S. et al. (2014), Yordanova, R. et al. (2015), Atanasova, G. et al. (2015). 
In Table 1 are shown some mechanical and physical properties of ЕТР copper produced in soft, half hard and 
hard temper, accordingly to the European Standard EN 13599 Copper plate, sheet and strip for electrical purposes.  
Table 1. Mechanical properties of electrolytic copper with chemical composition given in Yordanova, R. et al. (2015). 
Temper Tensile strength (MPa) 
Yield strength 
(MPa) 
Elongation 
(%) 
Hardness, HV 
(МРа) 
Electrical conductivity 
(MS/m) 
Soft R200 200-250 max 100 min 33 40 - 65 min 58.0 
Half hard R240 240-300 min 180 min 8 65 - 95 min 57.0 
Hard R290 290-360 min 250 min 4 90 - 110 min 56.0 
Tests are carried out with flat specimens made from rolled high-electrical-conductivity (ETP) copper strip with 
thickness of 0,70 mm, produced under different rolling and heat treatment conditions for obtaining three different 
tempers – soft, half hard and hard ones. Eight flat specimens of each temper are tested.  
Technological regimes of hot and cold rolling are shown in Tables 2 and 3, Yankova, S. et al. (2014), Atanasova, 
G. et al. (2015). Copper slabs produced by casting are put in three-zone methodical heating furnace for preheating 
before hot rolling; the temperature of the slabs leaving the furnace is 880оС. Afterwards they are subjected to a 
process of rolling on Reversal hot rolling mill “Duo 850”. Independently of their temper all the slabs are 
experiencing hot rolling; their parameters at different passes are shown in Table 2.  
For producing final ETP copper products in soft temper the copper slabs are subjected to: (a) hot rolling (their 
parameters at different passes are shown in Table 2); and (b) cold rolling (their parameters at different passes are 
shown in Table 3). The cold rolling is performed on Cold rolling mill “Roberson 2” until the final product reaches a 
given thickness. After the cold rolling a process of annealing is performed in Continuous annealing and cleaning 
machine “Junker” at a temperature of 680oC for full recrystallization. The final process of strip produce is that of 
strip cutting up to a given width followed by strip coiling without additional tension. 
 
Table 2. Parameters of processes of preheating and hot rolling of ETP copper. 
Furnace parameters Hot rolling parameters 
Zones t (˚C) Air pressure (mm H2O) Number of passes Thickness (mm) Reduction (%) 
Zone 1 855 860 1 239 0,42 
Zone 2 880 860 2 215 10,04 
Zone 3 880 860 3 180 16,28 
 
4 145 19,44 
5 115 20,69 
6 85 26,09 
7 67 21,18 
8 54 19,4 
9 42 22,22 
10 32 23,81 
11 27 15,63 
12 23 14,81 
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Table 3. Parameters of cold rolling for obtaining copper strips in soft, half hard and hard temper.  
Number of 
passes 
Cold rolling parameters 
Soft temper Half hard temper Hard temper 
Thickness (mm) Reduction (%) Thickness (mm) Reduction (%) Thickness (mm) Reduction (%) 
1 15,3 30,07 16,3 29,13 18,3 25,68 
2 10,7 18,69 12,8 21,47 13,95 23,77 
3 8,7 33,33 9,6 25,00 9,6 31,18 
4 5,8 18,97 6,8 29,17 6,8 29,17 
5 4,7 55,32 4,7 30,88 4,7 30,88 
6 2,1 58,10 2,6 44,68 2,6 44,68 
7 0,88 20,45 1,23 52,69 1,5 42,31 
8 0,7 30,07 0,72 41,46 0,75 50,00 
For producing ETP-copper strips in half hard temper, the copper slabs are subjected to: (a) hot rolling (their 
parameters at different passes are shown in Table 2); and (b) cold rolling (their parameters at different passes are 
shown in Table 3). After the cold rolling a process of annealing is performed in Continuous annealing and cleaning 
machine “Junker” at a temperature of 650oC for a proper homogenization of the copper microstructure. 
In order to produce half hard temper the strip is subjected to additional plastic deformation (a skin pass) and to 
flattening done on Tension leveling machine. The needed additional deformation is 12% which leads to the final 
thickness of the strip of 0,70 mm. The final process of strip produce is that of strip cutting up to a given width; in 
this case an additional tension is applied during the coiling process in order to obtain a necessary strip flattening.  
For producing ETP-copper strips in hard temper, after the hot rolling (all parameters at different passes are shown 
in Table 2) the copper is subjected to cold rolling (its parameters at different passes are shown in Table 3) reaching 
an intermediate thickness. Then for microstructural homogenization the strip is annealed in Continuous annealing 
and cleaning machine “Junker” at a temperature of 650oC. The final thickness is reached by cold rolling on Cold 
rolling mill “Senzimir” at a deformation of 18 %. The final process of strip produce is that of strip cutting up to a 
given width; an additional tension is applied during the coiling process in order to obtain a necessary strip flattening.  
Mechanical tensile test characteristics – tensile strength, yield strength and elongation after fracture – are 
obtained by using Standard mechanical testing machine “Zwick/Roell”. Vickers hardness is obtained by Hardness 
testing device “Instron” on the same specimens (those used for the tensile tests). The electrical conductivity is 
measured by using Electrical conductivity testing device “Sigma”. All tests are performed at room temperature with 
standard flat specimens for tensile testing (accordingly to the Standard BDS EN ISO 6892-1:2009) shown in Fig. 1. 
The shape of specimens ensures homogeneous uni-axial stress state in the working part of each specimen during the 
testing. The obtained values of all mechanical characteristics – tensile and yield strength, and Vickers hardness – 
depend on a given copper-strip temper, Table 4. The Vickers hardness is measured accordingly to the Standard BDS 
EN ISO 6507-1:2006. 
In order to find the influence of the copper microstructure on electrical conductivity of the rolled strips and their 
mechanical properties, a metallographic examination is done on specimens made of the three different tempers; the 
grain size of each temper is determined accordingly to the Standard BDS 11174:1982. 
 
Fig. 1. Geometry of specimens for mechanical testing, all dimensions are in mm 
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2. Technological regimes and final production testing   
Pure copper is used mostly for wires, cables, electrical switches, etc; electrolytic tough pitch (ETP) copper is 
perfect conductor. Copper and some of its alloys, like brass and bronze, are used in automotive radiator production, 
heat changers, heating systems, solar collectors and for many different applications which require heat exchange 
through a metal part, Yankova, S. et al. (2014), Yordanova, R. et al. (2015), Atanasova, G. et al. (2015). 
In Table 1 are shown some mechanical and physical properties of ЕТР copper produced in soft, half hard and 
hard temper, accordingly to the European Standard EN 13599 Copper plate, sheet and strip for electrical purposes.  
Table 1. Mechanical properties of electrolytic copper with chemical composition given in Yordanova, R. et al. (2015). 
Temper Tensile strength (MPa) 
Yield strength 
(MPa) 
Elongation 
(%) 
Hardness, HV 
(МРа) 
Electrical conductivity 
(MS/m) 
Soft R200 200-250 max 100 min 33 40 - 65 min 58.0 
Half hard R240 240-300 min 180 min 8 65 - 95 min 57.0 
Hard R290 290-360 min 250 min 4 90 - 110 min 56.0 
Tests are carried out with flat specimens made from rolled high-electrical-conductivity (ETP) copper strip with 
thickness of 0,70 mm, produced under different rolling and heat treatment conditions for obtaining three different 
tempers – soft, half hard and hard ones. Eight flat specimens of each temper are tested.  
Technological regimes of hot and cold rolling are shown in Tables 2 and 3, Yankova, S. et al. (2014), Atanasova, 
G. et al. (2015). Copper slabs produced by casting are put in three-zone methodical heating furnace for preheating 
before hot rolling; the temperature of the slabs leaving the furnace is 880оС. Afterwards they are subjected to a 
process of rolling on Reversal hot rolling mill “Duo 850”. Independently of their temper all the slabs are 
experiencing hot rolling; their parameters at different passes are shown in Table 2.  
For producing final ETP copper products in soft temper the copper slabs are subjected to: (a) hot rolling (their 
parameters at different passes are shown in Table 2); and (b) cold rolling (their parameters at different passes are 
shown in Table 3). The cold rolling is performed on Cold rolling mill “Roberson 2” until the final product reaches a 
given thickness. After the cold rolling a process of annealing is performed in Continuous annealing and cleaning 
machine “Junker” at a temperature of 680oC for full recrystallization. The final process of strip produce is that of 
strip cutting up to a given width followed by strip coiling without additional tension. 
 
Table 2. Parameters of processes of preheating and hot rolling of ETP copper. 
Furnace parameters Hot rolling parameters 
Zones t (˚C) Air pressure (mm H2O) Number of passes Thickness (mm) Reduction (%) 
Zone 1 855 860 1 239 0,42 
Zone 2 880 860 2 215 10,04 
Zone 3 880 860 3 180 16,28 
 
4 145 19,44 
5 115 20,69 
6 85 26,09 
7 67 21,18 
8 54 19,4 
9 42 22,22 
10 32 23,81 
11 27 15,63 
12 23 14,81 
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Table 3. Parameters of cold rolling for obtaining copper strips in soft, half hard and hard temper.  
Number of 
passes 
Cold rolling parameters 
Soft temper Half hard temper Hard temper 
Thickness (mm) Reduction (%) Thickness (mm) Reduction (%) Thickness (mm) Reduction (%) 
1 15,3 30,07 16,3 29,13 18,3 25,68 
2 10,7 18,69 12,8 21,47 13,95 23,77 
3 8,7 33,33 9,6 25,00 9,6 31,18 
4 5,8 18,97 6,8 29,17 6,8 29,17 
5 4,7 55,32 4,7 30,88 4,7 30,88 
6 2,1 58,10 2,6 44,68 2,6 44,68 
7 0,88 20,45 1,23 52,69 1,5 42,31 
8 0,7 30,07 0,72 41,46 0,75 50,00 
For producing ETP-copper strips in half hard temper, the copper slabs are subjected to: (a) hot rolling (their 
parameters at different passes are shown in Table 2); and (b) cold rolling (their parameters at different passes are 
shown in Table 3). After the cold rolling a process of annealing is performed in Continuous annealing and cleaning 
machine “Junker” at a temperature of 650oC for a proper homogenization of the copper microstructure. 
In order to produce half hard temper the strip is subjected to additional plastic deformation (a skin pass) and to 
flattening done on Tension leveling machine. The needed additional deformation is 12% which leads to the final 
thickness of the strip of 0,70 mm. The final process of strip produce is that of strip cutting up to a given width; in 
this case an additional tension is applied during the coiling process in order to obtain a necessary strip flattening.  
For producing ETP-copper strips in hard temper, after the hot rolling (all parameters at different passes are shown 
in Table 2) the copper is subjected to cold rolling (its parameters at different passes are shown in Table 3) reaching 
an intermediate thickness. Then for microstructural homogenization the strip is annealed in Continuous annealing 
and cleaning machine “Junker” at a temperature of 650oC. The final thickness is reached by cold rolling on Cold 
rolling mill “Senzimir” at a deformation of 18 %. The final process of strip produce is that of strip cutting up to a 
given width; an additional tension is applied during the coiling process in order to obtain a necessary strip flattening.  
Mechanical tensile test characteristics – tensile strength, yield strength and elongation after fracture – are 
obtained by using Standard mechanical testing machine “Zwick/Roell”. Vickers hardness is obtained by Hardness 
testing device “Instron” on the same specimens (those used for the tensile tests). The electrical conductivity is 
measured by using Electrical conductivity testing device “Sigma”. All tests are performed at room temperature with 
standard flat specimens for tensile testing (accordingly to the Standard BDS EN ISO 6892-1:2009) shown in Fig. 1. 
The shape of specimens ensures homogeneous uni-axial stress state in the working part of each specimen during the 
testing. The obtained values of all mechanical characteristics – tensile and yield strength, and Vickers hardness – 
depend on a given copper-strip temper, Table 4. The Vickers hardness is measured accordingly to the Standard BDS 
EN ISO 6507-1:2006. 
In order to find the influence of the copper microstructure on electrical conductivity of the rolled strips and their 
mechanical properties, a metallographic examination is done on specimens made of the three different tempers; the 
grain size of each temper is determined accordingly to the Standard BDS 11174:1982. 
 
Fig. 1. Geometry of specimens for mechanical testing, all dimensions are in mm 
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Table 4. Physical and mechanical characteristics of electrolytic copper in soft temper. 
 Thickness 
(mm) 
Tensile strength, Rm 
(MPa) 
Yield strength, Re 
(MPa) 
Elongation, А 
(%) 
Vickers hardness, HV 
(МРа) 
Electrical conductivity 
(MS/m) 
1 0,688 213 76 37 50 58,9 
2 0,713 212 79 36 52 58,9 
3 0,700 204 76 33 51 59,2 
4 0,701 215 79 36 51 59,1 
5 0,706 202 74 33 50 58,6 
6 0,709 203 75 33 51 58,6 
7 0,705 202 73 33 50 58,7 
8 0,725 212 77 38 54 58,7 
Melting temperature of ETP copper is 1083oC, and its recrystallization temperature is in the interval (450 – 
760)oC. During annealing, appearance of both, new grains (without internal stresses) and grain growth occur. The 
new grains are free of defects caused by deformation.  
The copper in soft temper experiences recrystallization annealing at temperature 680oC.  The copper strip speed 
of passing through the annealing fan is in the interval (33 – 37) m/min, and this time is enough for the strip to be 
fully recrystallized. The soft temper is characterized with low yield strength and high electrical conductivity. As it 
could be seen in Table 4 all specimens have almost the same mechanical and physical characteristics. In this temper 
the copper is exceptionally plastic and easy formable. The microstructure of rolled ETP copper in soft temper is 
metallographically investigated and shown in Fig. 2a. 
a 
 
b 
 
c 
 
Fig. 2. Microstructure of electrolytic copper in: (a) soft temper (200х, grain size – 0,025 mm); (b) half hard temper (200х,                                
grain size – 0,015 mm); (c) hard temper (200х; grain – size 0,010 mm). 
The tensile test results of half hard temper specimens are shown in Table 5. This temper could be produced by 
applying of higher tension over the straightening process or by cold rolling after annealing.  
Table 5. Physical and mechanical characteristics of electrolytic copper in half hard temper.  
 Thickness 
(mm) 
Tensile strength, Rm 
(MPa) 
Yield strength, Re 
(MPa) 
Elongation, А 
(%) 
Vickers hardness, HV 
(МРа) 
Electrical conductivity 
(MS/m) 
1 0,701 263 238 24 92 58,1 
2 0,706 263 238 22 92 58,2 
3 0,708 253 217 26 81 58,2 
4 0,701 260 244 18 85 58,1 
5 0,707 259 238 21 85 58,2 
6 0,705 246 164 26 72 58,2 
7 0,707 245 172 27 74 58,1 
8 0,700 260 240 21 83 58,1 
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Usually the thickness of the strip can be reduced by about 20 μm. A comparative analysis of ETP copper in soft and 
half hard temper shows that the half hard temper has higher tensile and yield strength, and lower elongation and 
electrical conductivity (Tables 4 and 5). The microstructure of the rolled electrolytic copper in half hard temper is 
shown in Fig. 2b. 
The ETP copper in hard temper is obtained by cold plastic deformation applied after the annealing process. Due 
to the high deformation, the thickness of the strip is reduced by 50 μm from the nominal thickness of 0.75 mm. The 
results from the tensile and hardness tests, and from electrical conductivity measurements are shown in Table 6. A 
comparative analysis shows that the thermo-mechanically treated copper in hard temper has the highest tensile 
strength and the lowest plasticity in comparison with the other two tempers. Furthermore, Table 6 shows that the 
electrical conductivity of the hard temper copper decreases considerably; its physical and mechanical properties can 
be treated as a result of the grain refinement of the microstructure, Fig. 3c. The increase of internal grain-boundary 
surface (due to the grain refinement microstructure) and the number of defects in the crystal lattice (dislocations and 
grain boundaries) leads to an increased strength, but at the same time to deterioration of copper electrical 
conductivity. 
Table 6. Physical and mechanical characteristics of electrolytic copper in hard temper. 
 Thickness 
(mm) 
Tensile strength, Rm 
(MPa) 
Yield strength, Re 
(MPa) 
Elongation, А 
(%) 
Vickers hardness, HV 
(МРа) 
Electrical conductivity 
(MS/m) 
1 0,698 326 317 10 106 57,6 
2 0,701 331 326 5 104 57,5 
3 0,707 333 323 5 104 57,5 
4 0,704 322 313 4 105 58,0 
5 0,704 322 315 10 103 57,7 
6 0,705 324 315 10 103 57,8 
7 0,709 330 323 6 105 57,5 
8 0,702 321 308 7 104 57,6 
3. New presentation of experimental results 
The obtained physical and mechanical characteristics of the high-electrical-coductivity copper can be presented 
in a new way as it has been done in Fig. 3. Figure 3a, 3b, 3c visualizes Stress-Hardness Constructions-Spaces 
MNLQQ1M1N1L1 for the three different tempers of the ETP copper – soft, half hard and hard – obtained under 
different technological regimes. A comparison between the three tempers can be made by using Fig. 3d. The 
Constructions-Spaces are built by using the final mechanical rolled-strips characteristics – yield strengths, Re, 
ultimate tensile strengths, Rm, Vickers hardness HV. (Elongations after fracture are included in similar 
Constructions-Spaces in Fig. 4.) These Constructions-Spaces bring additional information about the rolling 
technology and mechanical properties of the final products. The complicated three-dimensional Stress-Hardness 
Surfaces MNLQ in Fig. 3 show that although the minimum values of yield strength and tensile strength are above 
the minimum set by the standard, it is worth looking for further improvement of the speed-temperature-deformation 
regime of rolling that can make these surfaces smoother; it means that a further (higher) stabilization of technology 
can be achieved and the final product mechanical properties can be improved. At the moment the Stress-Hardness 
Surface MNLQ of the soft temper strips, Fig. 3a, looks smoother than those for the other two tempers, Figs 3b, 3c. 
The comparison between the three tempers, Fig. 3d, shows a tendency of: (a) increasing of HTP-copper mechanical 
characteristics from soft to hard temper; (b) decreasing of value difference between the yield and tensile strength.  
In Fig. 4a can be seen a complex Pyramidal Space STUT1S1P built by: 
- the straight lines PU and S1T1 of the average values of yield strengths and tensile strengths respectively, 
corresponding to the 8 tests for the soft temper; and  
- the broken line ST, obtained from the average hardness and the stresses (Rm,av – Re,av)/2  (corresponding to the 
same 8 tests). 
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Table 4. Physical and mechanical characteristics of electrolytic copper in soft temper. 
 Thickness 
(mm) 
Tensile strength, Rm 
(MPa) 
Yield strength, Re 
(MPa) 
Elongation, А 
(%) 
Vickers hardness, HV 
(МРа) 
Electrical conductivity 
(MS/m) 
1 0,688 213 76 37 50 58,9 
2 0,713 212 79 36 52 58,9 
3 0,700 204 76 33 51 59,2 
4 0,701 215 79 36 51 59,1 
5 0,706 202 74 33 50 58,6 
6 0,709 203 75 33 51 58,6 
7 0,705 202 73 33 50 58,7 
8 0,725 212 77 38 54 58,7 
Melting temperature of ETP copper is 1083oC, and its recrystallization temperature is in the interval (450 – 
760)oC. During annealing, appearance of both, new grains (without internal stresses) and grain growth occur. The 
new grains are free of defects caused by deformation.  
The copper in soft temper experiences recrystallization annealing at temperature 680oC.  The copper strip speed 
of passing through the annealing fan is in the interval (33 – 37) m/min, and this time is enough for the strip to be 
fully recrystallized. The soft temper is characterized with low yield strength and high electrical conductivity. As it 
could be seen in Table 4 all specimens have almost the same mechanical and physical characteristics. In this temper 
the copper is exceptionally plastic and easy formable. The microstructure of rolled ETP copper in soft temper is 
metallographically investigated and shown in Fig. 2a. 
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Fig. 2. Microstructure of electrolytic copper in: (a) soft temper (200х, grain size – 0,025 mm); (b) half hard temper (200х,                                
grain size – 0,015 mm); (c) hard temper (200х; grain – size 0,010 mm). 
The tensile test results of half hard temper specimens are shown in Table 5. This temper could be produced by 
applying of higher tension over the straightening process or by cold rolling after annealing.  
Table 5. Physical and mechanical characteristics of electrolytic copper in half hard temper.  
 Thickness 
(mm) 
Tensile strength, Rm 
(MPa) 
Yield strength, Re 
(MPa) 
Elongation, А 
(%) 
Vickers hardness, HV 
(МРа) 
Electrical conductivity 
(MS/m) 
1 0,701 263 238 24 92 58,1 
2 0,706 263 238 22 92 58,2 
3 0,708 253 217 26 81 58,2 
4 0,701 260 244 18 85 58,1 
5 0,707 259 238 21 85 58,2 
6 0,705 246 164 26 72 58,2 
7 0,707 245 172 27 74 58,1 
8 0,700 260 240 21 83 58,1 
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Usually the thickness of the strip can be reduced by about 20 μm. A comparative analysis of ETP copper in soft and 
half hard temper shows that the half hard temper has higher tensile and yield strength, and lower elongation and 
electrical conductivity (Tables 4 and 5). The microstructure of the rolled electrolytic copper in half hard temper is 
shown in Fig. 2b. 
The ETP copper in hard temper is obtained by cold plastic deformation applied after the annealing process. Due 
to the high deformation, the thickness of the strip is reduced by 50 μm from the nominal thickness of 0.75 mm. The 
results from the tensile and hardness tests, and from electrical conductivity measurements are shown in Table 6. A 
comparative analysis shows that the thermo-mechanically treated copper in hard temper has the highest tensile 
strength and the lowest plasticity in comparison with the other two tempers. Furthermore, Table 6 shows that the 
electrical conductivity of the hard temper copper decreases considerably; its physical and mechanical properties can 
be treated as a result of the grain refinement of the microstructure, Fig. 3c. The increase of internal grain-boundary 
surface (due to the grain refinement microstructure) and the number of defects in the crystal lattice (dislocations and 
grain boundaries) leads to an increased strength, but at the same time to deterioration of copper electrical 
conductivity. 
Table 6. Physical and mechanical characteristics of electrolytic copper in hard temper. 
 Thickness 
(mm) 
Tensile strength, Rm 
(MPa) 
Yield strength, Re 
(MPa) 
Elongation, А 
(%) 
Vickers hardness, HV 
(МРа) 
Electrical conductivity 
(MS/m) 
1 0,698 326 317 10 106 57,6 
2 0,701 331 326 5 104 57,5 
3 0,707 333 323 5 104 57,5 
4 0,704 322 313 4 105 58,0 
5 0,704 322 315 10 103 57,7 
6 0,705 324 315 10 103 57,8 
7 0,709 330 323 6 105 57,5 
8 0,702 321 308 7 104 57,6 
3. New presentation of experimental results 
The obtained physical and mechanical characteristics of the high-electrical-coductivity copper can be presented 
in a new way as it has been done in Fig. 3. Figure 3a, 3b, 3c visualizes Stress-Hardness Constructions-Spaces 
MNLQQ1M1N1L1 for the three different tempers of the ETP copper – soft, half hard and hard – obtained under 
different technological regimes. A comparison between the three tempers can be made by using Fig. 3d. The 
Constructions-Spaces are built by using the final mechanical rolled-strips characteristics – yield strengths, Re, 
ultimate tensile strengths, Rm, Vickers hardness HV. (Elongations after fracture are included in similar 
Constructions-Spaces in Fig. 4.) These Constructions-Spaces bring additional information about the rolling 
technology and mechanical properties of the final products. The complicated three-dimensional Stress-Hardness 
Surfaces MNLQ in Fig. 3 show that although the minimum values of yield strength and tensile strength are above 
the minimum set by the standard, it is worth looking for further improvement of the speed-temperature-deformation 
regime of rolling that can make these surfaces smoother; it means that a further (higher) stabilization of technology 
can be achieved and the final product mechanical properties can be improved. At the moment the Stress-Hardness 
Surface MNLQ of the soft temper strips, Fig. 3a, looks smoother than those for the other two tempers, Figs 3b, 3c. 
The comparison between the three tempers, Fig. 3d, shows a tendency of: (a) increasing of HTP-copper mechanical 
characteristics from soft to hard temper; (b) decreasing of value difference between the yield and tensile strength.  
In Fig. 4a can be seen a complex Pyramidal Space STUT1S1P built by: 
- the straight lines PU and S1T1 of the average values of yield strengths and tensile strengths respectively, 
corresponding to the 8 tests for the soft temper; and  
- the broken line ST, obtained from the average hardness and the stresses (Rm,av – Re,av)/2  (corresponding to the 
same 8 tests). 
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Fig. 3. Stress-Hardness Constructions-Spaces MNLQQ1M1N1L1, expressing mechanical behaviour of ETP copper in:                                          
(a) soft temper; (b) half hard temper; (c) hard temper; (d) the three different tempers for comparison 
It is easy to build a line corresponding to the average value of the stresses from the broken line ST. Thus the 
visualization of the Pyramidal Space STUT1S1P makes it possible to predict dispersion of all stresses from the range 
between the yield strength and the tensile strength, enabling us to do some preliminary comparisons with the 
exploitation stress requirements. 
On the basis of Fig. 3a, Stress-Hardness Elongation Construction-Space MVZQQ1M1V1Z1 has been plotted and 
shown in Fig. 4b. It includes elongation after fracture, plotted for all stresses of the broken line NL, which moves the 
line NL to its new position, the broken line VZ. The Construction-Space MVZQQ1M1V1Z1 includes all 
characteristics  of  the  final  product  –  hardness,  stress  and  elongation  after  fracture  –  and  can  be  used  as  an  
 Author name / Structural Integrity Procedia 00 (2016) 000–000  7 
a 
 
b 
  
Fig. 4. Soft temper copper: (a) Pyramidal Space STUT1S1P presenting a basis for predicting mechanical behaviour of ETP copper;                           
(b) Stress-Hardness-Elongation Constructions-Space MVZQQ1M1V1Z1, expressing mechanical behaviour of ETP copper,                                    
including its plasticity through elongations after fracture 
instrument for general evaluation of the applied rolling technology and for prediction of copper strips physical-
mechanical behaviour, including plasticity, under exploitation conditions. Transition from the Construction-Space 
MNLQQ1M1N1L1 to the Construction-Space MVZQQ1M1V1Z1 can be done through the plotted in Fig. 4b, Stress-
Elongation Area MVZQ. 
The same kind of presentation has already been presented and then technologically used for steel rolled products, 
Angelova, D. et al. (2016). 
4. Conclusion  
The technological process of obtaining ETP-copper strips in three different tempers – soft, half hard and hard – 
has been investigated aiming at improving the physical-mechanical characteristics of the final product.  
Using standard test data characterizing mechanical behaviour of the final product (hardness, tensile strength, 
yield strength, elongation) and its physical properties (electrical conductivity) some Stress-Hardness and Stress-
Hardness-Elongation Constructions-Spaces have been built. These spaces can be used as an instrument for general 
evaluation of the applied rolling technology and for prediction of ETP-copper strip physical-mechanical behaviour 
under exploitation conditions. Transition from one space to the other can be done through a specific Stress-
Elongation Area, including the elongation after fracture. 
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It is easy to build a line corresponding to the average value of the stresses from the broken line ST. Thus the 
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shown in Fig. 4b. It includes elongation after fracture, plotted for all stresses of the broken line NL, which moves the 
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Using standard test data characterizing mechanical behaviour of the final product (hardness, tensile strength, 
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